Transitions from the L-mode regime to the I-mode regime, with an energy transport barrier, and to the H-mode regime with both an energy and particle transport barrier are studied on the Alcator C-Mod tokamak. Steady I-mode plasmas have been produced over a wide range of plasma field (3-6 T), current (0.8-1.35 MA), density and shaping in the unfavourable ion B ×B configuration. The power threshold for the L-I transition is higher than scalings for the L-H transition with favourable drift, and increases with plasma current as well as density.
Introduction
It has been noted since the earliest observations of the high confinement or H-mode regime, characterized by barriers in both energy and particle transport, that the regime can be reached at lower input power in diverted discharges when the ion B ×B drift is directed towards the active x-point [1] .
Consequently, the majority of experiments in H-mode, and studies of the L-H threshold, have been conducted in this 'favourable' configuration. In the 'unfavourable' configuration, with the ion B ×B drift directed away from the active x-point, power thresholds can be of order a factor of two higher and, as will be shown in detail in this paper, can scale quite differently. Behaviour in this configuration is of increasing interest, since it has been observed that at power somewhat below that of the H-mode transition, the plasma can enter a distinct confinement regime with an edge transport barrier in electron and ion energy, but not in the particle channel. The global, transport and turbulence characteristics of this "I-mode" regime on the Alcator C-Mod tokamak [2] have been reported previously [3, 4] . Clear pedestals in electron and ion temperature, as well as a moderate E r well [5] form, and there are characteristic changes in the edge fluctuations including a decrease in broadband turbulence in the 50-150 kHz range and the appearance of a 'weakly coherent mode' at higher frequencies observed in density, magnetics and electron temperature [3, 4, 6] The regime has also been observed, and sometimes referred to as "improved L-mode", on the ASDEX Upgrade tokamak [7, 8] .
It has many attractive characteristics for fusion, since the energy confinement can equal or exceed the scalings found for H-mode, in particular the widely used ITER98y,2 scaling [9] , while L-mode like particle transport avoids impurity accumulation, and means that it is not necessary to have periodic edge localized modes (ELMs) to expel excess particles [10] . The large majority of I-mode plasmas have been ELM-free, which is a key advantage in light of the concern over erosion by large ELM heat loads in burning plasmas [11] . A few isolated ELMs have been observed in a small number of Imode discharges, as seen for example early in Figure 2b . During the past campaign, the duration of stationary I-modes on C-Mod has been routinely extended to over 10 energy confinement times, often limited only by the duration of the current flat top and heating pulse [12] . The upper range of power and pressure in I-mode is typically limited not by the onset of an MHD instability, but by the transition to H-mode, with the abrupt formation of a particle transport barrier and suppression of most remaining turbulence. In some conditions I-mode is maintained at the maximum heating power available.
Given that the I-mode regime has both a minimum power (or related plasma parameter) for its access, the L-I threshold, and a maximum, set by the I-H threshold, it is important to characterize these thresholds over a range of plasma parameters and configurations, to know in what conditions the regime can be reliably attained and sustained. A sufficiently wide power window will be particularly important in a burning plasma such as ITER, since a significant portion of the power will be selfgenerated and thus more difficult to control. Understanding the threshold conditions may also give insight into the physics of both I-mode and H-mode transitions. It is notable, and as yet not understood, that in the unfavorable drift configuration the formation of energy and particle transport barriers is often separated, indicating different turbulence and/or suppression mechanisms, while in the favourable configuration the two channels are usually suppressed simultaneously. Evaluation of local parameters at the transition is likely to be of particular use in this regard. Also interesting is the study of the I-L back-transition, since the degree of hysteresis in the thresholds may give information on the nature of the transport bifurcation. We note that I-modes in favourable drift configuration have been observed in a small number of C-Mod discharges with a specific and atypical shape [3, 4] .
In this case the L-I, and I-H, power thresholds were lower and close to the usual L-H thresholds, and the power window for I-mode was narrow.
This paper focuses on analysis of thresholds in the unfavorable drift direction, for which a much larger set of plasma discharges with a wide range of parameters and shapes is now available. Section 2 describes the experimental conditions of these studies. Section 3 presents new analysis of power thresholds. Scalings for L-I transitions (Section 3.1) show some clear trends with current and density, while I-H transitions (Section 3.2) are more variable. Deliberate triggering of I-L back-transitions by reducing input power indicates there is little power hysteresis (Section 3.3). An initial assessment of local conditions at transitions is given in Section 4, looking at parameters which have been found important in prior studies of L-H transitions. Conclusions of the current study are summarized in Section 5, and a number of issues requiring further investigation on C-Mod and other tokamaks are identified.
Description of experiments
Experiments to study confinement and thresholds in the I-mode regime have been conducted on Alcator C-Mod since 2007 [13] , with an increasing focus and significant expansion of parameter space campaigns. Tiles in some key locations were coated with boron for the 2010-11 campaign, and periodic boronization of the vessel is used. Recent boronization is found to be important for obtaining good energy confinement in H-mode [14] but, due to the lower particle confinement, is not critical for I-mode performance. Typical H-mode experiments are conducted with lower single null (LSN), placing the x-point near the closed divertor, in the favourable configuration with the ion B ×B drift downwards. Unfavourable configurations are produced either by using upper single null (USN) plasmas or by reversing the field and current in lower null plasmas. Typical shapes are shown in Figure 1 . Due to restrictions in the locations where strike points can be placed in plasmas with high heat fluxes, the range of shapes is limited in each configuration and while overlapping is not identical.
The primary shape variation to date has been in triangularity, with the ranges given in Table 1 . A typical discharge exhibiting transitions from L to I mode, and at higher power from I to H-mode, is shown in Figure 2a . Transition times are identified by changes in edge profiles, as well as edge fluctuations. In other cases, such as the discharge in Figure 2b , no H-mode was triggered even at the maximum ICRF power available (5 MW), and the I-mode persisted until the end of the heating pulse.
It should be noted that in the unfavorable drift configuration, the H-modes produced are typically ELM-free and while they can have high confinement are usually transient, ending with a radiative collapse due to impurity accumulation [13] . All I-mode experiments to date are majority D, with a few percent of H for minority ICRH or ~10% ) and current for transitions in discharges with B T = 5-6 T. It can be seen that there is some correlation between these parameters, making it difficult to unambiguously separate dependences, and that more limited ranges of density and current have been explored in LSN, reversed B T discharges.
Analysis of power thresholds
Analysis of global threshold conditions has focussed on the input power, since this is the primary external control knob used to access I-mode and H-mode. Its scaling has also been extensively studied for L-H transitions in the favourable drift direction, providing a useful point of comparison. We
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define the loss power as P loss = P RF,abs +P oh -dW/dt, where P RF,abs is the absorbed ICRF power, P oh is the ohmic power and dW/dt is the rate of change of magnetic stored energy. Time intervals are selected to have small contributions from dW/dt. An ICRF absorption coefficient of 0.8 is used to compute P RF,abs . Uncertainties in this fraction are estimated at ±10%, and are the largest source of uncertainty in P loss . An alternate threshold parameter determining transitions could be the net conducted power across the boundary, P net =P loss -P rad (core). However, accurate measurements of radiated power profiles are not available in all discharges. We find that due to low impurity confinement, P rad is usually a small fraction of input power in L-mode or I-mode, except in strongly seeded discharges. [15] . The scaling is in approximate agreement with C-Mod L-H thresholds [16] , though more recent studies show a complex dependence on density and magnetic field [17] , and also on strike point location [18] . It is worth noting that all devices find considerable variation in L-H threshold power, indicating dependences on variables not included in simple empirical scalings. Figure 4 compares L-I threshold powers to the ITPA scaling. In some cases, particularly discharges with low field and current, the timing of the L-I transition was unclear. Some low power I-modes are plotted in these cases as an indication of the threshold. It can be seen that the L-I thresholds are consistently above the ITPA08 scaling. However, the factor varies widely, from 1.3-3.5, and increases at low q 95 , indicating a current dependence not present in the L-H scaling. At given current and density, the Imode power range at 3-4 T overlaps that at higher field indicating little or no B T dependence.
Relatively few discharges were in this B T range, since minority ICRF heating required a change in frequency. At fixed q 95 , I-mode powers tend to be lower at reduced field, due to lower current.
There is a wide range of scatter, up to a factor of two in power relative to the scaling for L-I transitions at a given q 95 , and strong overlap between normalized thresholds for L-I and I-H transitions. In short, the conventional L-H scaling, not surprisingly, does not describe well transitions in the unfavorable drift, or provide a good basis for predicting whether plasmas in a given power and parameter range will be in the L, I or H-mode regime. This motivates new scaling studies in the unfavorable configuration based on the recent C-Mod experiments.
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A regression analysis of the data set of L-I transitions was carried out, restricting to discharges with B T = 5-6 T which had widest variation of current and density. The best fit, shown in Figure 5 , is , confirming a strong current dependence as suggested by the normalized scaling above. LSN and USN discharges appear to have similar thresholds, and the ratio of observed to fit scalings did not depend on triangularity, suggesting a relatively weak shaping dependence. However, as noted above there is some covariance between I p and n e in the data set, so that a weaker current and stronger density dependence (or vice versa) is also possible. The fit tends to underpredict the highest threshold cases, with P thresh > 4 MW, which were USN discharges at high current (q 95 < 3.3).
A more direct means of investigating the density dependence is to examine a set of discharges with near constant current, shape and field. imply that the current dependence is weaker than linear. Looking at the full dataset, however, P thresh /n e is within 25% for given currents up to 1.1 MA, but at higher current (q 95 < 3.4) shows wide variation, up to a factor of 2. Scalings also imply that the easiest access to I-mode will be at lowest density. In C-Mod experiments, access at densities below those explored to date, mainly e n > 1.x10 
I-mode power range and I-H transition threshold
In addition to determining the transition thresholds to access the I-mode regime, it is important to understand the range of power and plasma parameters for which a plasma can remain in I-mode, without transitioning to the H-mode regime with the formation of a density transport barrier. This needs to be sufficiently wide if steady I-mode phases are to be reliably maintained. The upper bound of power in I-modes determines the maximum performance in the regime, particularly since, in contrast to L or H-modes, pedestal pressure has been found to scale linearly with power, and total stored energy close to linearly indicating only weak confinement degradation [3, 12] . The conditions under which a thermal barrier can be maintained, with an E r well and reduced turbulence in some frequency ranges, without triggering a particle transport barrier and more complete turbulence suppression may also help to elucidate the physics underlying both transitions.
One way to see the power range available in I-modes is to plot the input power vs. the empirical fit determined for L-I transitions, which as shown in Fig 5 provided a reasonably good fit to our data set. 
I-L back-transitions and hysteresis
Studying the transition from I-mode back to L-mode is also of interest, to help understand the nature of the change in edge thermal transport. It is generally observed that the H-L transition exhibits hysteresis, occurring at a power which is lower, by up to a factor of two, than the forward L-H transition [19] It is planned to repeat these experiments at other plasma conditions, using smaller power steps or slow ramps and better controlled density, to determine the back-transition thresholds more precisely and map out the flux-gradient relationship as has been done for H-modes [19] . It will also be of interest to study the back transition from H to I-mode. These occur frequently but are more difficult to control since as noted H-modes in unfavourable drift tend to be ELM-free and therefore transient.
Typically, once radiation increases in H-mode, plasmas revert to I-mode.
Local conditions at L-I and I-H transitions
While input power is the key externally controlled parameter affecting transitions between Lmode, I-mode and H-mode, it is thought that the physics behind the formation of edge transport barriers is determined by local conditions, likely including kinetic profiles, flows and their shear, in the barrier region. Examining local parameters just before transitions may give more insight into this physics. For L-H transitions in favourable drift, a number of studies on C-Mod and other tokamaks have found that edge temperature, T e and/or T i , or their gradients, organize transition conditions well [20, 21, 22, 23, 24, 25, 17] . Edge threshold temperature is typically in a narrow range for given currents and fields, with a weak dependence on density except for low densities where T e tends to rise along with the threshold power [26, 17] . Recent experiments on ASDEX Upgrade show a much weaker increase in edge T i in this regime, and suggest a role of the E r well [27] . Earlier studies of H-mode transitions with unfavorable drift showed that edge T e , like the power, was often significantly higher than in favourable drift [7, 20, 28] ; in retrospect many of these transitions would now likely be categorized as I-H mode. Local conditions for L-I transitions have not been previously studied.
A preliminary analysis of edge T e and n e in the C-Mod I-mode dataset has been carried out. We more detailed analysis of the instantaneous temperature at the transitions, using ECE diagnostics, will be required to accurately assess the local thresholds.
Conclusions and areas for further investigation.
The initial studies of transitions to and from I-mode with unfavourable drift direction reported here have provided useful information on the trends in power and local thresholds, and hence the conditions under which the regime can be accessed and maintained. However, they have also revealed areas in which threshold conditions are not clear and dependences are likely quite complicated. This is not surprising, given that after more than 25 years of study L-H threshold conditions in the favourable drift continue to show considerable variation in power threshold, and dependences on an increasing number of variables [29] . Further experiments, on other tokamaks as well as on C-Mod, will be required.
For the L-I transition, power thresholds increase strongly with both current and density, as well as with magnetic field. There remains some ambiguity in the exact dependences. A density scan at q 95  3.8 shows a near linear dependence (i.e. near constant P/n e ), while P/n e at lower q 95 is higher, but varies widely. This might be partially due to the presence of large sawtooth heat pulses at low q 95 , which transiently increase heat fluxes and local temperatures and can trigger transitions, perhaps at lower average power than would be required without sawteeth. In contrast, a significant dependence on q 95 Experiments in the coming campaign will assess the density dependence of the I-H transition by fuelling or pumping established I-modes. In burning plasmas, accessing I-mode at low power and density and then increasing plasma density and pressure could potentially provide a scenario for obtaining high fusion gain. Noting that the widest power range to date has been obtained in discharges with the x-point directed to the closed lower divertor, the dependence on configuration and shape will be further explored. Again, multi-machine studies are essential for extrapolation, and are planned. . This had reduced threshold power for the L-I transition, and did not transition to H-mode even with maximum available power. H-factors are calculated using total stored energy, and in (b) may be overestimated due to a fast particle contribution. 
